This paper presents the optical mouse based mobile robot traveling simulator for the extraction of the statistical parameters of a traveling surface. In the mobile robot traveling simulator proposed in this paper, a traveling surface sample is rotating relative to stationary optical mice, rather than a mobile robot equipped with optical mice is traveling over a surface. First, the conceptual design and operational principle of the mobile robot traveling simulator are explained. Second, the velocity kinematics which maps the velocity of a mobile robot under simulation to the velocities of optical mice of the mobile robot traveling simulator is derived. Third, the setting of the parameters of the mobile robot traveling simulator, including the angular velocity of a motor and the installation angles of optical mice, is described. Finally, using the prototype of mobile robot traveling simulator, experimental results for four different traveling surface samples are given.
Introduction
Considerable attention has been paid to the velocity estimation of mobile robot using two or more optical mice [1] [2] [3] [4] [5] [6] [7] [8] [9] , which is free from the problems encountered with typical sensors, such as wheel slip in encoders, a line of sight in ultrasonic sensors, and computational complexity in cameras. Unlike advanced mobile robots preferring performance to price, mobile platforms for personal robotics need to seek an economic but acceptable solution for the localization of a mobile robot. In fact, an optical mouse, originally invented as an advanced computer pointing device, is an inexpensive but high performance sensor for motion detection. Contrary to high expectations, however, few attempts have been successful to put the optical mouse based mobile robot velocity estimation into practice.
One big obstacle to the optical mouse based mobile robot velocity estimation can be high sensitivity of the velocity measurements of an optical mouse on the type of traveling surface in use. To extract the statistical parameters of a traveling surface, a large number of experiments should be performed with high precision for various combinations of the linear and angular velocities of a mobile robot. If a mobile robot equipped with optical mice were to travel in a real environment, it would not only cost much in terms of space and time but also be difficult to perform precise and repetitive experiments. This motivates us to devise the mobile robot traveling simulator, in which a traveling surface sample is rotating relative to stationary optical mice, instead of a mobile robot equipped with optical mice moving over a traveling surface. Using the devised mobile robot traveling simulator, the statistical parameters of a traveling surface can be extracted effectively and reliably, leading to accurate velocity estimation of a mobile robot using optical mice. Fig. 1 illustrates the motions sensed by three optical mice equipped on a mobile robot, according to the traveling pattern of a mobile robot and the installation angles of three optical mice. Here, it is assumed that three optical mice are installed in the form of a regular triangle that is centered at the center of a mobile robot. Suppose that three optical mice are all aligned with a mobile robot, as shown on the left and right sides of Fig. 1(a) . For the linear velocity of a mobile robot shown on the left, the motions sensed by three optical mice should be the same in both magnitude and direction. On the other hand, for the angular velocity of a mobile robot shown on the right, the motions sensed by three optical mice should be of the same magnitude, but their directions are   apart from one another. Now, suppose that three optical mice are placed to be   apart from one another, in two different ways as shown on the left and right sides of Fig.  1(b) . In the case of the optical mouse placement shown on the left, the motions sensed by three optical mice for the linear velocity of a mobile robot become the same as those that are obtained for the angular velocity of a mobile robot with three optical mice aligned. On the other hand, in the case of the optical mouse placement shown on the right, the motions sensed by three optical mice for the angular velocity of a mobile robot become the same as those that are obtained for the linear velocity of a mobile robot with three optical mice aligned. These tell that for a given velocity of a mobile robot, the measured velocities of three optical mice are subject to change according to their installation angles. Reversely, the change of the installation angles of three optical mice can bring about an effect of changing the velocity of a mobile robot to be simulated. This paper presents the optical mouse based mobile robot traveling simulator for the effective and reliable extraction of surface characteristics. This paper is organized as follows. Section 2 explains the conceptual design and operational principle of the mobile robot traveling simulator. Sections 3 derives the velocity kinematics of the mobile robot traveling simulator, mapping the velocity of a mobile robot to the velocities of optical mice. Section 4 describes the parameter setting of the mobile robot traveling simulator, including the angular velocity of a motor and the installation angles of optical mice. Section 5 gives experimental results using the prototype of mobile robot traveling simulator. Finally, the conclusion is made in section 6. Fig. 2 shows the schematic diagram of mobile robot traveling simulator for the extraction of surface characteristics. The mobile robot traveling simulator consists of the upper and lower circular plates connected together through cylindrical bars. A DC motor is installed on the top of the lower circular plate, and it rotates the smaller circular plate to be covered with a traveling surface sample. Three optical mice are installed at the bottom of the upper circular plate, and they detect the motions of a rotating traveling surface sample. While the installation positions of three optical mice are fixed, their installation angles can be changed independently, as needed. By adjusting the vertical position of the smaller circular plate, the height of three optical mice above a traveling surface sample can be also changed.
Conceptual Design and Operational Principle
In the mobile robot traveling simulator, a traveling surface sample is rotating below three stationary optical mice. This is contrast to the situation where a mobile robot equipped with optical mice is traveling over a traveling surface. As shown in Fig. 1 , the velocities measured by three optical mice are subject to change depending on their installation angles. Reversely, this implies that the change of the installation angles of three optical mice can bring about an effect of changing the traveling velocity of a mobile robot under simulation. With the mobile robot traveling simulator, experimental costs in space and time can be reduced significantly, and also repetitive and precise experiments can be performed without difficulty. expressed by
Velocity Kinematics
First, consider a mobile robot equipped with three optical mouse, in which three optical mice are positioned at the vertices of a regular triangle that is centered at the center of a mobile robot. The position of the  th optical mouse,
Let   and   be two linear velocity components of a mobile robot long the  axis and the  axis, respectively, and   be its angular velocity component about the  axis, all with respect to the mobile robot coordinate frame. Let    and       , be the lateral and longitudinal velocity components of the  th optical mouse equipped on a mobile robot, with respect to its local coordinate frame. For simplicity, assume that the local coordinate frames of three optical mice are all aligned with the mobile robot coordinate frame. 
where
Note that A     , is a function of the position
 of the  th optical mouse. From (3), the velocity kinematics of a mobile robot equipped with three optical mice can be obtained by
represents the whole velocity of three optical mice, with
    , being expressed with respect to the corresponding local coordinate frame; and A represents the Jacobian matrix, given by
is also given by (2). For the angular velocity,    , of a DC motor, the resulting velocity of the  th optical mouse,
Note that three optical mice have the same sense of rotation, which is opposite to the sense of rotation of a DC motor. Referring to Fig. 3 , let      , be the installation angle of the  th optical mouse equipped on the mobile robot traveling simulator, which represents the angle of rotation of the  th optical mouse coordinate frame with reference to the mobile robot coordinate frame. The velocity of the  th optical mice,
    , can be given with respect to its local coordinate frame by
representing the rotation matrix. Note that R     , is a function of the installation angle   of the  th optical mouse. From (8), the whole velocity of three optical mice,
 , can be expressed with respect to their local coordinate frames as
As described in the previous section, the whole velocity of three optical mice,
 , equipped on the mobile robot traveling simulator, given by (10), is to be applied as the whole velocity of three optical mouse,
 , equipped on a mobile robot, appearing in (5). Therefore, the whole velocity  v  of the mobile robot traveling simulator can be related to the velocity v  of a mobile robot under simulation by
(11) represents the velocity kinematics of the optical mouse based mobile robot traveling simulator. (7)).
Parameter Setting
From (3) and (8), we have
From (2), (4), (7), and (12), it follows that
where R  R    I     , is used. From (13), the angular velocity   of a DC motor can be obtained by
where (2) and (7), but the magnitude of A  v     , is subject to change depending on   ,   , and   , seen from (3) and (4) . Assuming that the discrepancies among A  v     , are acceptably small, (12) can be approximated as
Plugging (8) and (9) into (16), it follows that
Solving (18), the installation angle of the  th optical mouse,     , can be obtained by
In the above, it is assumed that               .
Experimental Results
Fig . 4 shows the prototype of mobile robot traveling simulator, in which the PAN3204DB from PixArt Imaging Inc.
[10] is used as an optical mouse image sensor; the IG-32RGM from D&J With Co.
[11] is used as a DC motor; the STM32F103ZE from STMicroelectronics Inc.
[12] is used as a development board. In Fig. 4 , the installation positions of three optical mice are fixed at the vertices of a regular triangle inscribed by a circle of radius    cm , but their installation angles can be changed according to a given velocity of a mobile robot, which is commanded to the mobile robot traveling simulator. The PAN3204DB continues sending to the STM32F103ZE at every 2.5 msec the packet containing two relative displacements in both lateral and longitudinal directions. Note that the relative displacement is internally expressed in the unit of counts, which needs to be converted in the unit of inches or meters for the use of mobile robot velocity estimation. Upon receiving each packet from the PAN3204DB, the STM32F103ZE keeps on accumulating two relative displacement counts within the packet. At every 0.1 sec, the STM32F103ZE sends to the host the resulting accumulated values of two relative displacement counts, from which the host calculates two linear velocity components measured by each optical mouse. Fig. 5 shows four different types of traveling surface samples, including styrofoam, marvel, sand, and wood samples. The styrofoam sample shown in Fig. 5(a) is of a nonreflecting and smooth surface; the wood sample shown in Fig. 5(b) is of an unshiny surface and smooth surface; the sand sample shown in Fig. 5(c) is of an unshiny and coarse surface; the marble sample shown in Fig. 5(d) is of a shiny and smooth surface.
For the styrofoam, wood, sand, and marble traveling surface samples, Fig. 6 shows the plots of the measured counts of one optical mouse, as the linear velocity  due to the rotation of a DC motor increases from 2.0 cm/sec to 12.0 cm/sec with increments of 2.0 cm/sec. Using the velocity measurements shown in Fig. 6 , the statistical parameters, including the mean,   , and the variance, 
Conclusion
In this paper, we presented the optical mouse based mobile robot traveling simulator which can be used to extract the statistical parameters of a traveling surface. In the proposed mobile robot traveling simulator, a traveling surface sample is rotating relative to stationary optical mice, instead of a mobile robot equipped with optical mice traveling over a surface. The mobile robot traveling simulator is capable of performing precise and repetitive traveling experiments while minimizing space and time requirements, which enables both effective and reliable extraction of the statistical parameters of a traveling surface. With the help of the mobile robot traveling simulator, the optical mouse based mobile robot velocity estimation can be successfully put into practice, especially for personal service robots.
